Abstract Experiments designed to separate the effect of atmospheric warming from the effect of shifts of the eddy-driven jet on shortwave (SW) cloud feedback are performed with three global climate models (GCMs). In each model a warming simulation produces a robust SW cloud feedback dipole, with a negative (positive) feedback in the high-latitudes (subtropics). The cloud brightening in high-latitudes that characterizes warming simulations is not produced by jet shifts alone in any of the models, but is highly sensitive to perturbations of freezing temperature seen by the cloud microphysics scheme, indicating that thermodynamic mechanisms involving the phase of cloud condensate dominate the SW feedback at high-latitudes. In one of the models a poleward jet shift causes significant cloud dimming throughout the midlatitudes, but in two models it does not. Differences in cloud response to jet shifts in two of the models are attributed to differences in the shallow convection parameterizations.
Introduction
The response of low clouds to climate change currently contributes the largest source of uncertainty to climate sensitivity in GCMs both globally [Boucher et al., 2013] and in the midlatitude Southern Hemisphere (SH) , and has been the leading source of uncertainty for over 25 years [e.g., Cess et al., 1990; Colman, 2003; Bony and Dufresne, 2005; Vial et al., 2013] . In the SH extratropics, biases in radiatively important low clouds have been linked to the double Intertropical Convergence Zone bias [Hwang and Frierson, 2013] and to bias in the latitude of the eddy-driven jet [Ceppi et al., 2012] . Historically, much attention has been given to studying cloud feedbacks in the tropics and subtropics [Boucher et al., 2013, and references therein] and comparatively less attention has been given to low cloud feedbacks in the extratropics. It is therefore very important to study and improve the representation of SH extratropical low clouds and their feedbacks in models in order to reduce uncertainty in model predictions.
In addition to understanding cloud feedbacks, a long standing problem of great importance in climate science is improving our understanding of the interactions between clouds, radiation, and circulation, and how they change together in a warming climate [Bony et al., 2015] . Other studies have claimed that in warming simulations in GCMs, to leading order, cloud changes drive midlatitude circulation changes and not the other way around [Ceppi et al., 2014; Voigt and Shaw, 2015] . In this study we will address this problem by performing experiments designed to suppress feedbacks between clouds and circulation. By doing so we are able to examine causality between clouds and circulation changes in a changing climate. Figure 1 shows the zonal-mean SW cloud feedback in a collection of 28 models from the Coupled Model Intercomparison Project Phase 5 (CMIP5). A robust feature of the meridional structure of SW cloud feedback in these models is a north-south dipole in the extratropics, with a positive feedback in the subtropics/lower midlatitudes (208S-408S) and a negative feedback in the mid-to high-latitudes (408S-708S). This dipole pattern is particularly robust in the Southern Hemisphere, where all 28 models agree on the negative sign of the SW cloud feedback over the Southern Ocean. Most models also predict a similar dipole response in the Northern Hemisphere. It is still an open question as to which mechanisms drive SW cloud feedback in the extratropics, and, in particular, the degree to which changes in large-scale atmospheric circulation are involved. We now list four mechanisms that have been proposed to explain the negative SW cloud feedback at mid-to high-latitudes.
In observations, a significant trend in storm track clouds shifting poleward has been detected since the 1980s [Bender et al., 2012] , but it is uncertain how much of this trend was caused by increasing greenhouse gas concentrations, ozone depletion, changes in aerosol emissions, or other factors [Boucher et al., 2013] . It is therefore difficult to assign an observational estimate to the SW cloud feedback due to a poleward jet shift. Other observational studies have found that SW cloud reflectivity over the Southern Ocean is weakly correlated or uncorrelated with the eddy-driven jet latitude GP14] . This may be in part because over midlatitude oceans, high (low) cloud incidence is maximized in regions of large scale ascent (subsidence), so that changes in high and low cloud cover associated with jet shifts may partially cancel one another in the SW [Li et al., 2014] . Longwave CRE, however, moves jointly with the eddy-driven jet, and both models and observations agree on this behavior GP14] .
It has also been proposed that changes in the Hadley circulation may drive low cloud feedback in the subtropics. CMIP5 models robustly predict that the Hadley circulation will weaken and expand poleward with global warming [Held and Soden, 2006; Tao et al., 2015] . Weaker large-scale subsidence in the subtropics could cause the boundary layer top to rise [Bretherton et al., 2013] or cause reduced entrainment of free tropospheric air of relatively low moist static energy into the boundary layer top [Brient and Bony, 2012] , resulting in thicker or more abundant, and brighter low clouds. Some evidence suggests that change in large-scale subsidence alone is not a major contributor to subtropical low cloud feedback in GCMs, but it has not yet been ruled out [Bony et al., 2004; Boucher et al., 2013] . Zonal-mean SW cloud feedback from a collection of 28 CMIP5 models. The multimodel mean is shown in black and individual models are shown in grey. The abscissa is scaled by the sine of latitude. The feedback is computed using the method of Soden et al. [2008] .
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Changes in Condensate Phase in Mixed-Phase Clouds With Warming
The response of mixed-phase clouds to atmospheric warming has also been proposed as a thermodynamic mechanism to explain the negative SW cloud feedback in the mid-to high-latitudes. As the atmosphere warms, mixed-phase clouds favor the liquid over ice phase. As the ratio of ice crystal to liquid droplet number concentration decreases, the reflectivity of the cloud increases because liquid droplets tend to be smaller than ice crystals and because cloud lifetime increases. Ice crystals precipitate more efficiently than liquid droplets in mixed-phase clouds because ice crystals can rapidly grow at the expense of liquid droplets via the Bergeron process. Warming thus favors the formation of liquid droplets over ice crystals in mixedphase clouds, and therefore reduces the overall precipitation efficiency of the cloud [Senior and Mitchell, 1993; Tsushima et al., 2006; Zelinka et al., 2012b] . Observational studies have also found this mechanism to be important over the midlatitude Southern Ocean, although models generally predict a negative SW cloud feedback over the Southern Ocean that is larger in magnitude than the observational estimate of the phase change feedback mechanism [McCoy et al., 2014] . However, the key physics of mixed-phase clouds are not well understood and likely not well represented in climate models, making this mechanism highly uncertain in models [Morrison et al., 2011; Boucher et al., 2013] .
Increase in Adiabatic Cloud Water Content
Change in the slope of the moist adiabat with warming has been proposed as a mechanism of negative SW cloud feedback in the mid-to high-latitudes [Betts and Harshvardhan, 1987; Gordon and Klein, 2014] . The mass of cloud condensate formed in an updraft depends on the rate of change of the saturated water vapor mixing ratio with respect to height, which can be expressed as a function of the rate of change of potential temperature with respect to height following a moist adiabat (the ''slope'' of the moist adiabat). The slope of the moist adiabat is a strong function of temperature, and the rate of change of the slope of the moist adiabat with warming is roughly a factor of two larger in the mid-and high-latitudes than in the tropics. Because this mechanism is strongest at high-latitudes, previous studies have hypothesized that it may be an important mechanism for cloud brightening at mid-to high-latitudes with warming [Betts and Harshvardhan, 1987; Gordon and Klein, 2014] . However, this mechanism only accounts for changes in condensation in saturated updrafts, and many other processes can influence the radiative properties of clouds (e.g., changes in precipitation efficiency, phase of condensate, average depth of cloud, changes in circulation, etc.). found that in two GCMs, roughly two thirds of the change in liquid water path in the high-latitudes that resulted from warming is due to changes in the phase of condensate and weakening of microphysical processes that deplete cloud liquid. They concluded that, in models, negative SW cloud feedback at mid-to highlatitudes is driven primarily by changes in cloud microphysical processes, rather than changes in the slope of the moist adiabat. We will therefore not consider this mechanism in this study. Tselioudis and Rossow [2006] used observations of SW CRE and sea level pressure, which they used as a metric for storm intensity, to quantify the radiative properties of clouds in midlatitude storms as a function of storm intensity. They then simulated a doubling of CO 2 with a climate model and used the changes in midlatitude storm frequency and intensity predicted by the model, along with their observational estimates of cloud radiative properties of storms, to estimate a cloud feedback associated with changes in frequency and intensity of midlatitude storms. The SW cloud feedback they estimated varied greatly between ocean basins and seasons. Other studies have claimed that this mechanism is not a driver of cloud feedback in the extratropics [Boucher et al., 2013] . This mechanism will not be addressed in this study.
Changes in Frequency or Intensity of Midlatitude Storms
In this study the ''jet shift'' and ''phase change'' mechanisms listed above are examined in three GCMs. The main questions addressed by this study are: (1) Are poleward jet shifts or phase changes in mixed-phase clouds important mechanisms for SW cloud feedback in the extratropics in GCMs? (2) Why does SW CRE have a relatively strong, zonally coherent response to natural variability in the jet latitude in some models and not in others, as noted by (GP14)? Simple experiments are performed with three GCMs in aquaplanet configuration to better understand the dipole pattern of SW cloud feedback in the Southern Hemisphere, and the extent to which poleward shifts of the eddy-driven jet are involved. The experiments demonstrate that the SW cloud feedback at high-latitudes is not driven by shifts in the eddy-driven jet, but responds strongly to perturbations in the freezing temperature seen by the cloud microphysics, indicating that the phase change mechanism dominates there. Shifts in the eddy-driven jet and the concomitant poleward Journal of Advances in Modeling Earth Systems 10.1002/2015MS000520 expansion of the Hadley circulation have a more uncertain influence on SW cloud feedback in the lower midlatitudes. In two of the models, jet shifts have little influence on cloud brightness, while in one model a poleward jet shift causes a significant dimming of clouds throughout the midlatitudes. The different cloud response to a poleward jet shift between two of the models in this study is shown to result from differences in shallow convection and moist turbulence parameterizations. This paper is organized as follows: experimental setup and data are described in section 2, results and discussion in section 3, and concluding remarks in section 4.
Experimental Setup
Three models were used in this study: the Geophysical Fluid Dynamics Laboratory Atmosphere Model Version 2.1 and the National Center for Atmospheric Research Community Atmosphere Model Version 5 and Version 4, henceforth referred to as AM2, CAM5 and CAM4 respectively. A progression of model configurations building up from CAM4 to CAM5 was also used to attribute the different cloud response to jet shifts in the two models to differences in shallow convection and moist turbulence parameterizations. Finally, observations of SW CRE from the Clouds and Earth's Radiant Energy System (CERES) experiment and zonal wind from the European Centre for Medium-Range Weather Forecasts Interim reanalysis (ERA-Interim) were used (see Table 1 ).
The goal of this modeling study is to separate the contribution made to SW cloud feedback by changes in large-scale atmospheric circulation from the contribution made by changes in mixed-phase cloud 
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microphysics. To accomplish this, two sets of experiments were performed: Jet Shift Experiments in which the jet is forced to shift poleward with little change in the atmospheric temperature, and Perturbed Microphysics Experiments in which the freezing temperature seen by the cloud parameterizations is perturbed. These experiments are designed to approximately isolate the jet shift and phase change mechanisms, respectively. All experiments were run in fixed-SST aquaplanet configuration, and were modeled after previous aquaplanet intercomparison studies [e.g., Neale and Hoskins, 2000; Taylor et al., 2012; Blackburn and Hoskins, 2013; Medeiros et al., 2014] . Because SST is prescribed in all experiments, the ability of cloud changes to feed back on the atmospheric circulation is greatly diminished. The experiments therefore allow us to estimate the extent to which circulation changes and thermodynamic changes cause changes in cloud brightness. However, we emphasize that this approach is not able to capture the interactions among cloud feedback, SST and circulation that are known to be important. In these experiments it is our goal to specify the circulation change and see to what extent it affects the cloud properties.
Aquaplanet models are useful for understanding processes that control cloud feedbacks. Previous studies have found that aquaplanet models and their more realistic counterparts respond similarly to warmer SSTs and quadrupled CO 2 forcing. Aquaplanet models and models in the Atmospheric Model Intercomparison Project (AMIP) configuration exhibit similar large-scale circulation responses to SST warming and quadrupled CO 2 forcing, including a wider, weaker Hadley circulation and a poleward migration of the eddy-driven jet . Additionally, Medeiros et al. [2008] argued that AM2 and the National Center for Atmospheric Research Community Atmosphere Model Version 3, a precursor of CAM4 and CAM5, are ''best case scenario'' models in which the aquaplanet configuration is a useful testing ground for understanding cloud feedback in more realistic model configurations.
The ''control'' setup for the aquaplanet experiments is described below, and unless otherwise stated the parameters remain constant through all experiments. Insolation was set to perpetual equinox conditions with a diurnal cycle, sea ice was neglected, and greenhouse gas concentrations were set to preindustrial levels. Experiments were run for 6 years, and zonal and temporal averages of the last 4 years are analyzed. Two different SST profiles were used: ''QOBS'' and ''FLAT'' [see Neale and Hoskins, 2000] for a complete description of the profiles). Both profiles are zonally symmetric with a maximum of 278C on the equator and 08C poleward of 608 N/S. ''QOBS'' has the advantage of being commonly used in previous aquaplanet studies [e.g., Medeiros et al., 2014] and is the only aquaplanet experiment included in the CMIP5 archive [Taylor et al., 2012] . It has the disadvantage, however, of having a significant equatorward bias in the eddy-driven jet latitude. The ''FLAT'' profile has a much smaller bias in the jet latitude and higher baroclinicity in the extratropics compared to the ''QOBS'' profile. Our major conclusions are not sensitive to the choice of SST profile.
Jet Shift Experiments
In each model, control, warming, and torque experiments were performed. The setup for control is described in the previous paragraph. In warming, the SST profile was warmed uniformly by 4K, and in torque the model was forced with a prescribed zonally symmetric steady zonal wind tendency in the midlatitude upper troposphere with the SSTs locked to control values. The zonal wind tendency was tuned such that the response of the mean meridional overturning circulation and latitude of the eddy-driven jet in the torque experiment was as close as possible to that in the warming experiment (see Appendix A for a detailed description of the torque forcing). The torque experiment is able to approximately reproduce the poleward shift of the eddy-driven jet and response in zonal-mean, time-mean vertical velocity between 308 and 708S of the warming experiment, but does so with a very small temperature change compared to the warming experiment (Figures 2 and 3) . The jet shifts in the warming and torque experiments in all models are found to be statistically significant at the 95% confidence level (from a Student's t-test) when compared to the control experiment. The ''QOBS'' SST profile was used in the experiments described below.
We will now discuss the similarity in the large scale circulation response between the torque and warming experiments. In order to quantify the similarity between the large-scale vertical velocity response in the extratropical lower troposphere (308S-708S and below 500 hPa) between the warming and torque experiments (Dx gw ; Dx tor respectively) for a given model we employ the mass-weighted correlation and normalized root mean square error (NRMSE) relative to the warming response: where the maximum and minimum terms are taken over the same region as the sum and N is the number of gridpoints. The correlation and NRMSE are measures of similarity in the spatial pattern and magnitude of the response in the torque and warming experiments, respectively. In the extratropical lower troposphere, the mass-weighted correlation coefficient (NRMSE) between Dx gw and Dx tor ranges between 0.92 and 0.99 Journal of Advances in Modeling Earth Systems 10.1002/2015MS000520
(0.06-0.14) between models (Table 2) . However, in the warming experiment the atmosphere warms by 5K throughout the troposphere, while in the torque experiment the atmospheric warming is at least an order of magnitude smaller (Figure 2 ).
The zonal wind response is similar between the torque and warming experiments in the middle and lower troposphere, but the warming experiment exhibits a deepening of the troposphere that is not present in the torque experiment. Figure 3 shows changes in both the mean and variance of the zonal wind and the jet latitude in the torque and warming experiments. The jet latitude is computed by fitting a quadratic to the maximum zonal-mean zonal-wind at 850 hPa and the two neighboring latitude points, and then finding the latitude of maximum wind of the quadratic fit (see Appendix A). In the midlatitude lower troposphere (308S-708S, below 500 hPa) the mass weighted correlation (NRMSE) between the mean zonal wind response in torque and warming experiments ranges between 0.96 and 0.99 (0.13-0.32) ( Table 2 ). The higher NRMSE values occur because the mean zonal wind response is generally larger in magnitude in the torque experiment than in the warming experiment. This is to be expected, because the zonal wind tendency applied in the torque experiment is a net source of zonal momentum to the atmosphere. In the upper troposphere, however, there is a clear increase in the mean and variance of the zonal wind in the warming experiment that is strongest at lower latitudes and occurs because the tropopause height rises, and this effect is not present in the torque experiment. We do not expect the raised troposphere in the tropics to effect the SW cloud feedback in midlatitudes very much, though. Also, the jet shift in the torque and warming experiments is similar in all three models (Table 2 ).
In summary, the large scale vertical velocity response and poleward jet shift are very similar in the torque and warming experiments. The zonal wind response in the middle and lower troposphere is highly correlated between the two experiments, but generally larger in magnitude in the torque experiment than in the warming experiment. The zonal wind response in the upper troposphere is quite different between the torque and warming experiments because the torque experiment is not able to recreate the deepening of the troposphere that occurs in the warming simulations. However, because the circulation response in the lower and middle troposphere in the midlatitudes is very similar between the torque and warming simulations, and because SW cloud forcing [Haynes et al., 2011; McCoy et al., 2014] and feedback [Kay et al., 2014] over the Southern Ocean are dominated by low clouds, the torque experiment allows us to estimate the extent to which circulation changes drive SW cloud feedback in the midlatitudes in the aquaplanet models.
Perturbed Microphysics Experiments
In the Perturbed Microphysics Experiments, the experimental setup was the same as in the control experiment of the Jet Shift Experiments except the freezing temperature seen by the cloud ice parameterizations was perturbed following the method of . Freezing temperature perturbations ranged between 248C and 148C in increments of 18C, and experiments were run with and without a uniform SST warming of 14K for each value of freezing temperature perturbation.
Freezing temperature perturbations were implemented in all portions of the code that compute sources and sinks of cloud ice, including parts of the cloud microphysics, cloud macrophysics and convection schemes. This was done by changing the freezing temperature seen by all relevant sections of the code and changing the saturation vapor pressure seen by the Bergeron process. The cloud ice processes generate (deplete) cloud ice only for temperatures below (above) certain threshold values, some of which are different from 08C. For example, homogeneous freezing of cloud droplets occurs at temperatures below 2408C in CAM5. All temperature threshold values for cloud ice processes were perturbed by the same amount as the freezing temperature. Henceforth we will refer to the temperature perturbations applied to the cloud ice processes as ''freezing temperature perturbations'' for brevity. 
Journal of Advances in Modeling Earth Systems 10.1002/2015MS000520
In addition to changing the freezing temperature, the saturation vapor pressure seen by the Bergeron process was perturbed. The Bergeron process occurs in mixed-phase clouds when the temperature is slightly below freezing, and results in growth of ice crystals at the expense of liquid droplets. The process occurs because the difference in saturation vapor pressure over liquid and ice is relatively large at temperatures slightly below freezing, which therefore allows states in which the atmosphere is subsaturated with respect to liquid and supersaturated with respect to ice. We therefore perturb the saturation vapor pressure with respect to liquid and ice seen by the Bergeron process only to be consistent with the freezing temperature perturbation applied elsewhere in the code. See Ceppi et al. [2015] for a more thorough description of the method.
The Perturbed Microphysics experiments were run in the AM2 and CAM5 models only. These models were selected because they span the complexity of cloud microphysics parameterizations in current state of the art climate models. AM2 has a relatively simple scheme that predicts mixing ratios of cloud liquid and ice only [Rotstayn, 1997; Rotstayn et al., 2000] , while CAM5 has a relatively complex ''two-moment'' scheme that predicts both mixing ratios and droplet/crystal number concentrations of cloud liquid and ice [Morrison and Gettelman, 2008; Gettelman et al., 2010] , and includes more processes in the ice microphysics scheme than AM2.
In this study SW CRE is used as an estimate of SW cloud feedback. SW CRE is the difference between the outgoing SW flux for clear sky and all sky conditions. The response of SW CRE to a forcing is related to the shortwave cloud feedback, but not necessarily equal to it because noncloud changes can cause a change in clear sky outgoing SW radiation. Despite this drawback, CRE is generally a good predictor of cloud feedback [Soden et al., 2004; Vial et al., 2013] , especially in this study because the surface albedo is held fixed throughout all aquaplanet experiments described above.
Results and Discussion

The Role of Jet Shifts in Extratropical SW Cloud Feedback
The Jet Shift Experiments suggest that the influence of shifts of the eddy-driven jet and the concomitant change in large-scale subsidence/ascent on midlatitude SW cloud feedback varies between models (confirming the results of Kay et al. [2014] and GP14), but in none of the models do jet shifts alone result in a negative response in SW CRE in the high-latitudes that resembles the warming response. The response of SW CRE to torque and warming is shown in Figure 4 . First of all, it is important to note that the SW CRE response over the extratropics in the warming experiment in all three aquaplanet models is the same order of magnitude and has the same north-south dipole structure as the state of the art CMIP5 models (Figure 1 ). In two of the models (AM2 and CAM5) the response of SW CRE in the torque experiment is small and lacks 
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the dipole structure when compared to the response in the warming experiment, suggesting that changes in large scale circulation alone do not drive significant changes in cloud brightness in the midlatitudes in these models. This is especially clear in the mid-to high-latitudes (458-708). In CAM4, however, the SW CRE response in the torque experiment in the region 308S-558S is of the same order as the SW CRE response in the warming experiment. A pronounced positive response in SW CRE (i.e., cloud dimming) occurs between 308-558 in the torque experiment coinciding with the region where enhanced large-scale subsidence or reduced large-scale ascent occurs (Figure 2) . The aquaplanet experiments in this study confirm the results of previous studies in that they suggest that the contribution of large scale circulation changes to SW cloud feedback in the midlatitudes is negligible in some models [Kay et al., 2014] , but can be significant in others (GP14). However, the aquaplanet simulations also suggest that circulation changes alone do not produce the cloud brightening at mid-to high-latitudes that is characteristic of warming simulations in GCMs.
Changes in large-scale subsidence do not appear to drive the positive SW cloud feedback in the subtropics and lower midlatitudes in the aquaplanet experiments. Between 308 and 408S, the ratio of the area integrated SW CRE response in the torque experiment to that in the warming experiment is 20.16 in CAM5 (i.e., torque and warming experiments have SW CRE response of opposite sign), 0.28 in CAM4, and 0.35 in AM2, in agreement with previous work suggesting that changes in large-scale subsidence alone are not a dominant mechanism driving subtropical low cloud feedback [Bony et al., 2004; Boucher et al., 2013] .
The vertical profile of cloud water changes in these experiments is shown in Figure 5 . In all three models, the vertical structure of the cloud response in the warming experiment exhibits a vertical dipole pattern that follows the slope of the 273K isotherm. Both the response of cloud liquid and cloud ice mixing ratio exhibit this vertical dipole structure, but the liquid response tends to be larger in magnitude and lower in the atmosphere than the ice response pattern. This spatial structure alone is suggestive of the importance of the phase change mechanism described previously in the text, and will be further discussed in the Perturbed Microphysics experiments below. In the subtropics and lower midlatitudes there is reduced boundary layer cloudiness. This is a common feature of cloud changes with warming in state of the art climate models [Zelinka et al., 2012a ].
Figure 5 also shows the vertical structure of the cloud liquid and ice mixing ratio response in the torque experiment in the CAM4 model. In the CAM4 model, the poleward jet shift and accompanying large scale subsidence anomalies simulated in the torque experiment causes a reduction in low liquid cloud throughout the midlatitudes. The latitudes with reduced low level cloud liquid in the torque experiment (358S-558S) generally coincide with the region of anomalous large scale subsidence (358-508S) (Figures 2 and 5) . The CAM5 and AM2 models show negligible cloud change in the torque experiment, and are not shown in Figure 5 .
Finally, we note the influence of the direct radiative effect of increasing CO 2 concentrations on SW CRE. An SST14K 2xCO 2 experiment was performed in which the SST profile was warmed uniformly by 4K, and CO 2 concentrations were doubled (equivalent to the warming experiment with a doubling of CO 2 ). The difference in SW CRE response between the warming and SST14K 2xCO 2 experiments shows the change in SW cloud reflection induced by the direct radiative effect of doubling CO 2 . In all three models it is 1 Wm 22 , but, for a given latitude, the sign varies between models. The warming and SST14K 2xCO 2 experiments both produce a spatial dipole response in SW CRE (Figure 4 ) and have very similar responses in large-scale extratropical circulation (not shown).
The Role of Cloud Microphysics in Extratropical SW Cloud Feedback
Having ruled out poleward jet shifts as a mechanism of cloud brightening at mid-to high-latitudes with warming, we now consider the hypothesis that changes in cloud microphysical processes and condensate phase with warming control the negative SW cloud feedback there. As we have already seen, both CMIP5 models (Figure 1 ) and the aquaplanet models used in this study (Figure 4 ) predict brighter clouds in the mid-to high-latitudes and dimmer clouds in the subtropics with warming. The positive SW cloud feedback in the subtropics is thought to be controlled by decreasing coverage of low clouds, and to a slightly lesser extent midlevel clouds, which are generally liquid dominated [Zelinka et al., 2012a; Bretherton et al., 2013; Zelinka et al., 2012b] . This behavior appears to be captured in the warming experiments in the aquaplanet models as well ( Figure 5 ). If the phase change mechanism does in fact contol the cloud brightening response at mid-to high-latitudes in the models, then one might expect that lowering (raising) the freezing
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temperature seen by the cloud microphysics might cause the negative lobe of the SW cloud feedback dipole pattern to shift to higher (lower) latitudes where the temperatures are colder (warmer), but the positive lobe to exhibit little change. To test this hypothesis we perturb the freezing temperature seen by the ice microphysics in the model from 248C to 148C in increments of 18C and examine the meridional shift of the region of cloud brightening. As a metric for the meridional shift in the negative lobe of the SW cloud feedback dipole pattern, we will use the ''dipole crossing latitude,'' defined as the latitude at which the cloud response in warming simulations transitions from dimming in the lower midlatitudes to brightening at higher latitudes.
The relationship between the ''dipole crossing'' latitude, and the freezing temperature perturbation and jet shift is shown in Figure 6 . Two models (AM2 and CAM5) and two SST profiles (''QOBS'' and ''FLAT'') for each model are used in this experiment. AM2 and CAM5 sample the range of complexity in cloud microphysics schemes in current state of the art climate models, with AM2 and CAM5 having relatively simple and complex schemes, respectively. Also, the ''QOBS'' profile generally produces a climate with a larger bias in the jet latitude than the ''FLAT'' SST profile. In both models and both SST profiles, the freezing temperature perturbation is highly correlated with the dipole crossing latitude while the jet shift is not significantly correlated with the dipole crossing latitude at the 95% confidence level. The strength of the high-latitude cloud brightening response (computed as the most negative value of the SW CRE response to a uniform SST warming 
of 14K poleward of 308 S) is also highly correlated with the freezing temperature perturbation (''QOBS'' SST profile: r 2 50:91 in AM2 and r 2 50:94 in CAM5; ''FLAT'' SST profile: r 2 50:88 in AM2, r 2 50:92 in CAM5). In both models, lower freezing temperatures are associated with a poleward shift and enhancement of cloud brightening at mid-to high-latitudes in response to warming.
The vertical structure of the cloud liquid mixing ratio response to uniform SST warming of 14K with freezing temperature perturbations of 148C, 08C and 248C, along with the dipole crossing latitude, is shown in Figure 7 . As the freezing temperature is perturbed, the regions of mixed-phase clouds shift in space. In both models the cloud liquid mixing ratio response is greatest at temperatures slightly below freezing, and the regions of largest cloud liquid response to warming closely follow the freezing isotherm as it shifts in space.
Taken together, the results of the Jet Shift Experiments and Perturbed Microphysics Experiments suggest that changes in mixed-phase cloud microphysical processes with warming, rather than poleward jet shifts, are the dominant mechanism for SW cloud feedback in the mid-to high-latitudes, confirming the findings of . It is also worth noting that the aquaplanet experiments are run without sea ice and still produce a SW cloud feedback north-south dipole in the midlatitudes that is of the same order of magnitude as the fully coupled CMIP5 models. Previous studies have suggested that changes in sea ice cover could cause a negative SW cloud feedback at high-latitudes, as warmer temperatures could cause sea ice cover to shrink, causing more of the ocean surface to be exposed to the atmosphere, which would then result in enhanced moisture flux to the atmosphere and more cloudiness [Fitzpatrick and Warren, 2007; Liu et al., 2012] . These experiments suggest that this mechanism is not necessary in the three models considered in this study. We now address the question of why some models exhibit a zonally symmetric cloud dimming pattern throughout the SH midlatitudes associated with a poleward jet shift and some models do not. The CAM4 and CAM5 models are used as a test bed, and we will argue that differences in cloud response to jet shifts in these models arise mainly because of differences in the shallow convection and moist turbulence schemes. In the transition from CAM4 to CAM5, the parameterizations of cloud microphysics, cloud macrophysics, radiation, aerosols, moist turbulence, and shallow convection were updated [Gettelman et al., 2012] . The reason for the different cloud response to a poleward jet shift between CAM4 and CAM5 is not obvious a priori.
In order to diagnose the reason for the difference in cloud response to jet shifts in CAM4 and CAM5 we use a progression of model configurations, which starts from CAM4 and progressively adds one updated moist physics scheme at a time, building up to CAM5 (Table 1) . At the time of writing it is not possible to run the CAM4 and CAM5 models with different combinations of moist physics parameterizations from each model. To get around this problem we utilize a set of experiments that were run in the development process of the Community Atmosphere Model in which the parameterizations were updated one at a time from CAM4 to CAM5. Natural variability of the jet latitude and SW CRE in these experiments is analyzed. All runs were performed with an atmosphere-only model with SSTs fixed to a monthly climatology based on observations, CO 2 concentrations fixed at 280 ppmv, and run for 5-10 years. We emphasize that these experiments were run with SSTs prescribed to a monthly climatology, while the aquaplanet experiments described earlier in this study were run with zonally symmetric SST profiles that did not vary in time.
In order to test the sensitivity of SW CRE to variations in the jet latitude, SW CRE was regressed on jet latitude for the different model configurations making up the progression from CAM4 to CAM5. This was done by computing the latitude of the jet maximum, /, computing the zonal mean SW CRE, and removing the mean and seasonal cycle from each to get / 0 and SW CRE 0 respectively (see Appendix A). Data from December, January, and February (DJF) were then used to compute the regression of SW CRE 0 on / 0 . At each latitude the 95% confidence interval for the regression coefficient was computed using an estimate of the effective sample size, which was computed following the method of Bretherton et al. [1999] . It is important 
to note that the DJF jet latitude mean and standard deviation are not significantly different between model configurations (Table 1 ).
The regression coefficients of SW CRE 0 on / 0 for the different models in the CAM4 to CAM5 progression are shown in Figure 8 and reveal that the updated moist turbulence and shallow convection schemes are the reason for the different responses of SW CRE to jet shifts in CAM4 and CAM5 [see Park and Bretherton, 2009; Bretherton and Park, 2009] for descriptions of the updated shallow convection and moist turbulence schemes, respectively). CAM4 has a spatial dipole pattern in the regression coefficients, with positive coefficients of 2 Wm 22 per degree poleward jet shift in the mid-to high-latitudes (458S-608S) and negative regression coefficients in the lower midlatitudes (458S-308S), consistent with the findings of GP14. Between 458S-608S (458S-308S), where a poleward jet shift is associated with cloud dimming (brightening), there is also anomalous downward (upward) motion at 500 hPa associated with a poleward jet shift (not shown). This is consistent with the findings of the Jet Shift Experiments, where the CAM4 aquaplanet model showed significant cloud dimming in regions of anomalous large scale subsidence as the circulation shifted poleward. In CAM5, on the other hand, regression coefficients of SW CRE 0 on / 0 between 458S and 608S are either not significantly different from zero or are small and negative, confirming the findings of Kay et al. [2014] . The regression coefficients of DJF zonal mean SW CRE on jet latitude in CAM4 and CAM5 are significantly different at the 95% confidence level between 458S and 608S ( Figure 8) . All of the model configurations in the progression up to CAM4-aero (CAM4 with all updates except for shallow convection and moist turbulence) show regression patterns that closely resemble CAM4, indicating that the updated shallow convection and moist turbulence schemes in CAM5 are responsible for the different sensitivities of SW CRE to jet shifts in the models.
It is perhaps not surprising that differences in shallow convective mixing can impact the response of SW CRE to a shift in the eddy-driven jet. It has been shown that the strength of convective mixing between the boundary layer and free troposphere has a strong influence on the magnitude of SW cloud feedback in the tropics, and likely the midlatitudes as well [Sherwood et al., 2014] . Therefore, one might expect the differences in shallow convection and moist turbulence schemes, which contribute to the strength of mixing between the boundary layer and free troposphere in the extratropics, may have an important role in the component of SW cloud feedback induced by a poleward jet shift. Also, note that in the Jet Shift Experiments, the cloud response in the torque experiment in CAM4 is dominated by a decrease in cloud liquid water content in the lower troposphere, where the shallow convection scheme is most active ( Figure 5 ).
Observations from March 2000 to February 2014 of DJF monthly mean SW CRE from CERES and jet latitude from ERA-Interim reanalysis are shown in Figure 8 . The regression coefficients between DJF zonal mean SW CRE and jet latitude anomalies at latitudes between 458S and 608S from observations are not significantly different from zero at the 95% confidence level. The spatial pattern of the regression coefficients of CAM5 is in closer agreement with observations than CAM4. This result is consistent with GP14, who compared models in which a poleward jet shift is associated with a strong zonally symmetric cloud dimming in the midlatitudes (''CAM4-like models'') and models in which it is not (''CAM5-like models'') and found that ''CAM5-like models'' generally show better agreement with observations than ''CAM4-like models.'' (Table 1) . The sign convention is such that a positive regression coefficient indicates that a poleward jet shift is associated with a positive anomaly in SW CRE (i.e., a dimming of the clouds). Additionally, 95% confidence intervals for the regression coefficients are shown for CAM4 and CAM5-shConv (equivalent to CAM5).
Conclusion
Warming simulations in GCMs, including the aquaplanet models used in this study and fully coupled CMIP5 models, show a robust SW cloud feedback dipole in the Southern Hemisphere extratropics, with a negative feedback in the high-latitudes and a positive feedback in the subtropics. The results of this study suggest that the negative SW cloud feedback at high-latitudes is driven by changes in cloud ice microphysical processes, rather than jet shifts, confirming the findings of previous studies [Kay et al., 2014; GP14] . In the subtropics, however, the role of poleward jet shift/Hadley cell expansion in driving the positive SW cloud feedback varies greatly between models, and in the two models tested in this study, the difference results largely from inter-model differences in the shallow convection parameterization.
Further evaluation of cloud microphysics in GCMs may significantly reduce uncertainty in high-latitude SW cloud feedback. Cloud microphysics are represented by paramaterizations that differ largely between GCMs [Tsushima et al., 2006] . For example, McCoy et al. [2015] found that the average temperature at which CMIP5 models produce clouds with equally mixed liquid and ice (the ''glaciation temperature'') over the Southern Ocean varies by over 40K between models. In this study it is demonstrated that the glaciation temperature (which is perturbed by way of perturbing the freezing temperature) in both AM2 and CAM5 is highly correlated with the latitude and strength of the negative SW cloud feedback at mid-to high-latitudes, such that lower glaciation temperature corresponds to a poleward shift and strengthening of the negative SW feedback at mid-to high-latitudes. We therefore hypothesize that narrowing both the bias and inter-model spread in glaciation temperature will constrain the strength and latitude of the negative SW cloud feedback at high-latitudes in GCMs.
Additionally, further evaluation of inter-model differences in shallow convection schemes is likely to reduce intermodel spread in SW cloud feedback in the midlatitudes. It has previously been demonstrated that convective mixing between the boundary layer and the free troposphere in the tropics can explain a large amount of variance in climate sensitivity and cloud feedback between GCMs [Sherwood et al., 2014] . Here we further demonstrate that shallow convection can play a role in inter-model differences in SW cloud feedback in the extratropics.
A2. Method to Compute SW CRE-Jet Latitude Regression
In order to compute the SW CRE-jet latitude regression coefficients the method of GP14 was followed with two exceptions: zonal mean SW CRE was considered instead of computing regression coefficients at every grid point and the seasonal cycle was removed by removing the first three harmonics corresponding to the annual cycle in the Fourier transform of the signal instead of a compositing method used in GP14. The Fourier method used in this study is better suited for the model output analyzed in this study because model runs are only 5-10 years long.
The jet latitude was computed using the method of GP14: (1) the gridpoint i of the zonal mean, zonal wind maximum was located; (2) a quadratic fit was performed using the zonal mean, zonal wind maximum and the two neighboring gridpoints: i21, i and i11; (3) the jet latitude, /, was defined as the maximum of the quadratic fit.
The SW CRE-jet latitude regression coefficients were computed as follows: (1) the mean and seasonal cycle of the / timeseries and the SW CRE timeseries at each gridpoint i, j were removed resulting in the deseasonalized timeseries / 0 and SW CRE 0 i;j respectively. The seasonal cycle was removed by removing the first three harmonics corresponding to the annual cycle in the Fourier transform of the corresponding timeseries; (2) SW CRE 0 i , the zonal mean of SW CRE 0 i;j was computed; (3) values from December, January and February were used to compute regression coefficients of SW CRE 0 i on / 0 at each latitude point.
